Emotional reactivity and regulation are fundamental to human behavior. As inter-individual behavioral variation is affected by a multitude of different genes, there is intense interest to investigate gene-gene effects. Functional sequence variation at two genes has been associated with response and resiliency to emotionally unpleasant stimuli. These genes are the catechol-O-methyltransferase gene (COMT Val 158 Met) and the regulatory region (5-HTTLPR) of the serotonin transporter gene. Recently, it has been proposed that 5-HTT expression is not only affected by the common S/L variant of 5-HTTLPR but also by an A to G substitution. Using functional magnetic resonance imaging, we assessed the effects of COMT Val 158 Met and both 5-HTT genotypes on brain activation by standardized affective visual stimuli (unpleasant, pleasant, and neutral) in 48 healthy subjects. Based on previous studies, the analysis of genotype effects was restricted to limbic brain areas. To determine allele-dose effects, the number of COMT Met 158 alleles (i.e., lower activity of COMT) and the number of 5-HTT low expressing alleles (S and G) was correlated with the blood oxygen level-dependent (BOLD) response to pleasant or unpleasant stimuli compared to neutral stimuli. We observed an additive effect of COMT and both 5-HTT polymorphisms, accounting for 40% of the interindividual variance in the averaged BOLD response of amygdala, hippocampal and limbic cortical regions elicited by unpleasant stimuli. Effects of 5-HTT and COMT genotypes did not affect brain processing of pleasant stimuli. These data indicate that functional brain imaging may be used to assess the interaction of multiple genes on the function of neuronal networks.
Introduction
Most common behavioral traits and disorders have complex patterns of inheritance, which are due to environment Â gene interactions, genetic heterogeneity and combined gene effects (including gene Â gene interaction), among other factors. 1 Seemingly distinct traits can be causally related at the level of shared intermediate phenotypes, including heritable 'endophenotypes', 2 which may be controlled by subsets of genes that determine the genetically more complex clinical phenotypes. 3 To understand the importance of combined gene effects in behavior, the most powerful level of analysis would appear to be the intermediate phenotype, because at this level other origins of complexity have been minimized. Emotional reactivity and the associated brain circuits may represent such an intermediate phenotype, because of its fundamental role in human behavior.
Genes have been identified that affect emotional reactivity. Catechol-O-methyltransferase (COMT), which metabolizes dopamine (DA), norepinephrine (NE) and epinephrine (EPI) contains a Val 158 Met polymorphism 4 with a codominant effect. 5 Whereas ancient in humans, Met 158 is not seen in other primates. 6 The evolutionarily more recent Met 158 allele is unstable at 371C and has 1 3 to 1 4 of the activity of the enzyme containing Val 158 . 7, 8 While carriers of the Val 158 allele showed a small but significant increase in perseverative errors in an executive function task [9] [10] [11] and reduced working memory function, 12 recent findings indicate that a compensating advantage of the Val 158 allele may be an increase in emotional resilience against anxiety, affective disorders and sustained pain. [13] [14] [15] [16] [17] [18] Behavioral genetics has revealed an effect of the COMT Val 158 Met genotype 4 on negative mood states 17, 19 and on another intermediate phenotype, executive cognitive function. 9 A functional 20, 21 22-23-bp imperfect repeat polymorphism in the regulatory region (5-HTTLPR) of the serotonin transporter gene (SCL6A4) creates a short (S) allele and a long (L) allele (14-and 16-repeat alleles) and alters promoter activity. The S variant has been reported to be associated with lower 5-HTT expression levels, resulting in lower serotonin uptake activity when compared with the L variant. 20 Subsequently, different groups conducted sequencing screens and identified further variants of SLC6A4. [22] [23] [24] Of special interest is a single-nucleotide polymorphism (SNP) with an A to G substitution (dbSNP: rs25531) and with a minor allele frequency > 10%. Although it is controversial whether rs25531 is located just upstream of the 5-HTTLPR 24 or in one of the extra repeats of the L allele, 22, 25 this SNP was shown to be functional, altering expression and AP2 transcription factor binding. 25 Like the common S and L alleles, the rs25531 G allele was found to be associated with lower levels of 5-HTT mRNA expression compared with the A allele. 25 The deletion/ insertion in the 5-HTTLPR seems to modulate trait anxiety 20 and fear conditioning. 26 Moreover, a gene Â environment interaction between 5-HTTLPR and stressful life events in the development of mood disorder and suicide attempts was observed, 27 and a gene Â environment interaction for an orthologous serotonin transporter polymorphism in the Rhesus macaque was also noted. 28 Recent studies [29] [30] [31] have shown that including both genotypes that affect 5-HTT transcription (i.e., 5-HTTLPR and rs25531) may help to analyze the association of 5-HTT function and liability for different psychiatric disorders more adequately.
Nevertheless effects of both genes (SLC6A4 and COMT) on behavior are moderate: for example, 5-HTTLPR explains no more than 4% of the variance in trait anxiety. 20 A meta-analysis of studies linking 5-HTTLPR to anxiety revealed that the overall effect of the locus is highly significant, however, on average each copy of the S allele led only to a 0.1 s.d. increment in trait anxiety. Such weak associations may easily escape replication 32 and elude attempts to quantify combined gene effects or the impact of gene Â gene interactions [33] [34] [35] on personality. However, both the COMT and 5-HTT gene loci exert substantially stronger effects on central processing of unpleasant stimuli: in paradigms that assess the central processing of affective visual stimuli with functional magnetic resonance imaging (fMRI). We and others have shown that both 5-HTTLPR 36, 37 and COMT Val 158 Met 38 account for substantial portions of inter-individual variance in amygdala response during the presentation of aversive visual stimuli. The low expression 5-HTTLPR S allele was associated with higher responsiveness to unpleasant stimuli compared with the L allele. Interestingly, 5-HTTLPR predicted not only amygdala activity but also functional connectivity with paralimbic areas and morphometric differences in the amygdala and perigenual cingulate. 37, 39 The number of low-activity COMT-Met 158 alleles was positively correlated with brain activation elicited by aversive stimuli in the left hippocampus and the right amygdala 38 and predicted opioid system activations in the amygdala and elsewhere after painful stimuli. 17 Therefore, we tested the hypothesis that processing of unpleasant stimuli in the limbic system is increased with low expression of 5-HTT, that is, higher number of S and G alleles of 5-HTTLPR and rs25531, respectively, as well as with low COMT activity, that is, the dose of met 158 alleles. As 5-HTT and COMT activity should independently affect 5-HT, DA and NE levels, we hypothesized additive effects of genotypes (i.e., no significant interactions).
Materials and methods

Subjects
Forty-eight right-handed healthy male volunteers (age 41.279.4 (M7s.d.) years) participated in the study after providing informed, written consent according to the Declaration of Helsinki. The Ethics Committee of the University of Heidelberg approved the study. All subjects were 'Caucasians' of central European descent. Twenty-nine of these subjects have been published in previous studies, 37, 38 while an additional number of subjects (n = 20) were recruited for the current study. Standardized clinical assessment with the Structured Clinical Interview I and II 40, 41 was performed to exclude subjects with a lifetime history of axis I or II psychiatric disorders, according to DSM IV and ICD 10. Present drug abuse was excluded with urine tests. Only subjects free of any medication were included. Additionally, we assessed the level of education, anxiety (Symptom Checklist 90 Revised (SCL-90-R); 42 State Trait Anxiety Inventory (STAI) 43 ) and depression (SCL-90-R; 42 Center for Epidemiological Studies Depression Scale (CES-D); and 44 Hamilton Depression Rating Scale (HAMD) 45 ).
Imaging study
For emotion induction, we used affectively unpleasant, pleasant and neutral pictures. Each category was represented by 18 pictures. Pleasant and unpleasant cues were taken from the International Affective Picture System (IAPS), 46 in which images are standardized across the dimensions of emotional valence and arousal. 47 48 The stimuli were presented for 750 ms using an event-related design and were arranged in an individually randomized order for each subject. To reconstruct the blood oxygen level-dependent (BOLD) event-related time course, it is necessary to sample data points at different peristimulus time points. This was achieved by a random jitter between intertrial interval and acquisition time, resulting in an equal distribution of data points after each single stimulus. The intertrial interval was randomized between 3 and 6 acquisition times (i.e., 9.9-19.8 s). During the intertrial interval, a fixation cross was presented.
Scanning was performed with a 1.5 T whole-body tomograph (Magnetom VISION; Siemens, Erlangen, Germany) equipped with a standard quadrature head coil. For fMRI, 24 slices were acquired every 3.3 s (4 mm thickness, 1 mm gap) using an EPI-Sequence (TR = 1.8 ms, TE = 66 ms, a = 901) with in-plane resolution of 64 Â 64 pixels (FOV 220 mm), resulting in a voxel size of 3.4 Â 3.4 Â 5 mm 3 . fMRI slices were oriented axially parallel to the AC-PC line according to Talairach and Tournoux.
For anatomical reference we acquired a morphological 3D T1-weighted magnetization prepared rapid gradient echo (MPRAGE) image data set (1 Â 1 Â 1 mm 3 voxel size, FOV 256 mm, 162 slices, TR = 11.4 ms, TE = 4.4 ms and a = 121) covering the whole head.
After the MR scan, a subset of the stimuli (8/18 per category) were again presented on a computer monitor for 6 s and assessed for arousal and valence according to the standardized procedure described by Bradley and Lang. 49 Data analysis Data were analyzed with Statistical Parametric Mapping (SPM2; Wellcome Department of Imaging Neuroscience, London, UK). After temporal and spatial realignment, the structural 3D data set was coregistered to the first T2* image. The structural image was spatially normalized to a standard template using a 12-parameter affine transformation with additional nonlinear components. A nonlinear transformation was subsequently applied to the T2* data and voxels were re-sampled at a resolution of 3 Â 3 Â 3 mm 3 . The functional data were smoothed using an isotropic Gaussian kernel for group analysis (12 mm FWHM).
Statistical analysis on the first (individual) level was performed by modeling the different conditions (unpleasant, pleasant and neutral pictures; delta functions convolved with a synthetic hemodynamic response function and its time derivative) as explanatory variables within the context of the general linear model (GLM) on a voxel-by-voxel basis with SPM2.
To detect associations between the genotypes and fMRI activation on a voxel by voxel basis, the contrast images of all subjects (signal change of unpleasant versus neutral pictures and pleasant versus neutral pictures) were included in a second-level multiple regression analysis with SPM2. To model the assumed gene dose effects, genotypes were coded as three covariates: COMT genotype was coded by the number of low-activity met 158 alleles (0, 1 or 2); 5-HTTPLR S/L genotype was coded as the number of low-expression S alleles (0, 1 or 2); rs25531 genotype was coded as number of low-expression G alleles (0, 1 or 2). We decided to primarily model the effects of 5-HTTLPR and rs25531 independently owing to findings that the rs25531 SNP can be found in the context of both S and L alleles, 50 and that rs25531, but not 5-HTTLPR, was associated with selective 5-HT reuptake inhibitor response. 24 Because carriers of both a long (L) allele and the G substitution (L G ) in the 5-HTT gene have been suggested to functionally mimic S-carriers 25 and no S G carriers were found, we additionally modeled the data using a triallelic approach: 5-HTTLPR L A /L G /S genotype was coded as the number of low-expression S or L G alleles (0, 1 or 2).
To assess how much variance is explained by genetic variation (effects of single genotypes as well as combined genotype effects) and to test for genegene interactions, we extracted the BOLD response data of single voxels from the SPM Beta images using Matlab (The MathWorks, Natick, MA, USA). After export from Matlab, data were analyzed with SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA) using the GLM Univariate procedure. The three genotypes were entered as covariates and the BOLD response data of single voxels were used as the dependent variable. To estimate the effect size of single genotypes (partial Eta 2 ) and the combined gene effects (R 2 ) on brain activation, only main effects were modeled. To test for interactions between genotypes, all twoway interactions were additionally included in the model.
To estimate the global effect of genotype on limbic reactivity, we computed the mean BOLD response of the limbic system to pleasant and unpleasant stimuli, respectively. For this purpose, we extracted the BOLD response data of all voxels of the limbic volume of interest (VOI) (for details on the VOI, see below) from the SPM Beta images and averaged them using Matlab. After export from Matlab, data were analyzed with SPSS 12.0 using again the GLM Univariate procedure, as described above.
The analysis of the genotype Â task interaction was restricted to limbic areas (limbic VOI: amygdala, hippocampus, parahippocampus and cingulated gyrus). We generated anatomical masks with the WFU PickAtlas toolbox 51 (Department of Radiology, Wake Forest University School of Medicine, WinstonSalem, NC, USA) using the MNI-based aal atlas. 52 The mask for the entire limbic system was generated by merging bilateral masks for amygdala, hippocampus, parahippocampal gyrus, anterior, middle and posterior cingulum. These masks were also used to assess the regional effects of genotype. The applied mask for the entire limbic VOI consisted of 3107 voxels (3 Â 3 Â 3 mm 3 ), i.e. 84 ml. A statistical threshold of P < 0.05 corrected for the VOI was used for the regression analyses conducted with SPM2. Correction for multiple testing was performed with the False Discovery Rate (FDR) procedure. The FDR is the proportion of supra-threshold voxels that are false positives. In comparison, a traditional multiple comparisons procedure (e.g., Bonferroni or random field correction) controls Family-Wise Error Rate (FWER) at or below alpha. FWER is the chance of one or more false positives anywhere (not just among supra-threshold voxels). If there is truly no signal in the image anywhere, then an FDR procedure controls FWER, just as Bonferroni and random field methods do. If there is some signal in the image, an FDR method will be more powerful than the traditional methods. 53 
Genotyping
The genotype information and flanking sequences of the COMT polymorphism were collected using public SNP databases and analyzed using the following procedure: DNA was isolated from venous blood with QIAamp DNA Mini Kit (Qiagen, 40724 Hilden, Germany). Polymerase chain reaction (PCR) was performed with HotStarTaq DNA polymerase (Qiagen), 4 ng template DNA in a total volume of 25 ml PCR reaction and the primers COMTfor: 5 0 -CAC CTG TGC TCA CCT CTC CT-3 0 and COMTrev: 5 0 -GGG TTT TCA GTG AAC GTG GT-3 0 . PCR conditions: 951C -15 min initial heating, then 35 cycles of 941C -60 s, 581C -60 s, 721C -60 s and final extension for 10 min at 721C. After purification of the amplified products (QIAquick PCR purification kit, Qiagen), the oligonucleotide primer 5 0 -CGG ATG GTG GAT TTC GCT GGC-3 0 was extended according to the manufacturer's instructions (AcycloPrime -FP SNP detection kit; Perkin Elmer, 63110 Rodgau, Germany) and flourescence polarization measured using a Wallac Victor2 1420 Multilabel Counter (Perkin Elmer).
We assessed the genotype of the promoter of the 5-HTTLPR gene with PCR using oligonucleotide primers (stpr5, 5 0 -GGCGTTGCCGCTCTGAATGC; int1, 5 0 -CAGGGGAGATCCTGGGAGGA). PCR amplification was carried out in a final volume of 30 ml consisting of 50 ng genomic DNA, 2.5 mM deoxyribonucleotides (dGTP/7-deaza-2 0 -dGTP = 1/1), 0.1 mg of sense and antisense primers, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 and 1 U of Taq DNA polymerase. Annealing was carried out at 611C for 30 s, extension at 721C for 1 min and denaturation at 951C for 30 s for 35 cycles. The resulting PCR product was electrophoretically separated on a 1.5% agarose gel.
In the case of 5 0 nuclease genotyping of SCL6A4 A and G alleles, oligonucleotide primers (F: GCAACCT CCCAGCAACTCCCTGTA; R: GAGGTGCAGGGGGA TGCTGGAA) and dye-labeled probes were designed to optimize allele discrimination using Primer Express software (ABI, Foster City, CA 94404, USA). Probes were designed that were specific for the A and PCR assay conditions were optimized as follows: DNA 1 ml (25-50 ng) and 24 ml PCR mastermix including both probes (120 nmol ADP and 60 nmol ICP) and PCR primers (200 nmol for each). PCR buffer included 5 mmol/l MgCl, 1 Â Corebuffer, 0.2 mmol/l dATP, dGTP, dCTP and 0.4 mmol/l dUTP, 0.25 U/ml Taq Gold and 0.01 U/ml Amperase UNG. A 25 ml volume was added to each well of the 96-well optical plates (4306737, ABI) and sealed using optical caps (4323032, ABI). DNA amplification was achieved under the following conditions: 2 min at 501C, 10 min at 951C, then 40 cycles at 961C for 15 s and 62.51C for 90 s. ABIPRISM 7700 Sequence detection system software processed the fluorescence data and generated genotypes.
Results
Genotyping
For COMT, nine subjects were homozygous Met 158 / Met 158 and 14 subjects were homozygous Val 158 /Val 158 ; 25 subjects were heterozygous. For 5-HTTLPR, 15 subjects were homozygous L/L and 11 were homozygous S/S; 22 were heterozygous (Table 1 ). SCL6A4 genotyping of the A > G SNP revealed one subject homozygous G/G and five subjects heterozygous G/A and 42 individuals homozygous A/A (Table 1) . No A > G exchange was detected on S-alleles using both sequencing analysis and 5 0 nuclease genotyping. COMT and 5-HTT genotypes were uncorrelated (P > 0.5).
Behavioral data
Genotype groups did not differ with respect to age, education, ratings of anxiety or depression, which were all in the normal range (Table 2) . By subjective rating scales of valence and arousal, subjects experienced the positive pictures as more arousing (P < 0.001) and affectively more pleasant (P < 0.001) than the neutral pictures. Negative pictures were also rated as more arousing (P < 0.001) and less pleasant Met genotypes.
Global effects of COMT Val 158
Met and 5-HTT genotypes on processing of unpleasant stimuli Regression analyses revealed a significant (P FDR < 0.05, T > 1.735) combined effect of COMT and 5-HTT genotypes on activation by unpleasant stimuli of multiple limbic brain regions including the amygdala, hippocampus, parahippocampal gyrus and cingulate gyrus: all of these combined effects were bilateral (Figure 1 ). In the entire limbic VOI, 90% of all voxels (i.e., 2794/3107 voxels) revealed the combined genotype effect. Combined effects of 5-HTT and COMT genotypes were restricted to unpleasant stimuli and did not affect processing of pleasant stimuli. Forty percent (P < 0.0001) of inter-individual variance in fMRI BOLD response averaged across the entire VOI was explained by the combined genotype effect.
The combined effect of COMT and both 5-HTT genotypes on brain activity in the entire limbic VOI was additive (Figure 2 ). There were no significant two-way interactions between genotypes (P min = 0.23) and the effects were also numerically not greater than the additive effect: After entering all two-way interactions to the model, the amount of variance explained was 42% and only slightly higher compared with the 40% when we modeled the main effects of genotype only.
Using the same threshold as for the combined gene effect (T > 1.735), COMT genotype alone predicted brain activity in 1996 voxels when controlling for both other genotypes. Analysis of variance (ANOVA) statistics revealed that 22% of variance (P = 0.0005) in the mean fMRI BOLD response across the ROI were due to COMT. As posited, the BOLD response to unpleasant stimuli increased with the dose of met 158 alleles. The traditional 5-HTTLPR S/L genotyping predicted activity of 660 voxels (and 7% of variance in the mean fMRI BOLD response across the ROI; P = 0.034). Interestingly, rs25531 genotype had the highest impact and predicted brain activity in 2102 voxels (and 24% of variance in the mean fMRI BOLD response across the ROI; P = 0.0002). For both 5-HTT genotypes, a higher limbic responsiveness was associated with the lowexpression variants, S and G, respectively. Together, both 5-HTT genotype variants were associated with the BOLD response to unpleasant stimuli in 2218 voxels (26% of variance; P = 0.0003).
Regional effects of COMT Val 158
Met and 5-HTT genotype on processing of unpleasant stimuli Analyses of regional effects inside the VOI were additionally performed on a voxel-by-voxel basis (Table 4) . These analyses revealed highly significant and substantial combined genotype effects on interindividual variance in activity of amygdala (left: R 2 = 29%; right: R 2 = 39%), hippocampal formation (left: R 2 = 40%; right: R 2 = 44%), posterior cingulate (left: R 2 = 31%; right: R 2 = 29%), middle cingulate (left: R 2 = 32%; right: R 2 = 33%) and anterior cingulate (left: R 2 = 35%; right: R 2 = 41%). The effects of 5-HTT and COMT genotypes on regional activations were always additive, as no significant two-way interactions between genes were observed.
COMT alone had a significant effect in all these limbic brain regions except the posterior cingulate ( Table 4 ). The traditional 5-HTTLPR genotype alone was significantly related to the BOLD response to unpleasant stimuli in the amygdala, hippocampal formation and the anterior cingulate. As in the analysis of global effects, rs25531 genotype strongly affected processing of unpleasant stimuli and the low expression G allele was significantly associated with higher brain activity in all investigated limbic regions.
When considering 5-HTTLPR as triallelic (S/L G /L A ) with equivalent effects of S and L G , COMT and 5-HTTLPR explained a comparable part of limbic activation elicited by aversive stimuli in the amygdala, hippocampus, anterior, medial and posterior Table 1 and for MNI coordinates and statistics, see Table 5 .
cingulate cortex (Table 5) . Like in the model with independent effects of rs25531 and 5-HTTLPR, the effects of 5-HTT and COMT genotypes on regional activations were always additive, as no significant two-way interactions between genes were observed.
Discussion
Our data indicate that processing of aversive emotional stimuli in the amygdala, hippocampus and limbic cortex is additively affected by functional polymorphisms of COMT and the 5-HT transporter, and that the combined effect of these three genotypes is greater than either individually. COMT and 5-HTT genotypes substantially affected the processing of unpleasant but not pleasant emotional stimuli and explained 40% of the inter-individual variance in the fMRI BOLD response elicited by these stimuli in the limbic system. Considering the limitations of this technology, 40% is a large proportion of interindividual variation in aversive signal processing. These gene effects on emotional brain activation (as a candidate for an intermediate phenotype) are substantially larger than effects on personality traits relevant to anxiety or affective disorders, such as the 4% effect of 5-HTTLPR on anxiety. 20 Whereas the : proportion of variance attributable to a factor. COMT genotype was coded as the number of Met 158 alleles (0, 1 or 2). 5-HTTLPR genotype was coded as the number of S alleles (0, 1 or 2). rs25531 genotype was coded as the number of G alleles (0, 1 or 2). Met. 5 Therefore, the observed positive correlation between the number of Met 158 alleles and the BOLD response suggests that the amplified activation of limbic areas elicited by unpleasant stimuli may be related to increased levels of DA and/or NE in these brain regions or connected brain areas.
Processing of unpleasant stimuli also increased with the number of 5-HTTLPR S alleles, that is reduced 5-HTT activity. Recently, it has been proposed that an A to G substitution (rs25531) inside or just upstream of the 5-HTTLPR [22] [23] [24] is functional and alters expression and AP2 transcription factor binding. The G allele of SCL6A4 rs25531 was supposed to reduce 5-HTT expression in a similar way as the S allele of 5-HTTLPR. 25 Together, both SCL6A4 genotypes conferred four-fold differences in 5-HTT transcription. 25 To the best of our knowledge, our data show for the first time that (1) the dosage of the low expressing G alleles is associated with amplified limbic processing of unpleasant stimuli and (2) that modeling both 5-HTT genotypes yields better results compared to only modeling the traditionally 5-HTTLPR genotype. At the neurochemical level, the correlation between the number of low expressing S or G alleles and the BOLD response suggests that the amplified activation of limbic areas elicited by unpleasant stimuli may be due to actual alterations in 5-HT neurotransmission and/or differences in brain development of limbic and related circuits associated with SCL6A4 genotype. 39 There are a series of internalizing disorders, in which COMT and SCL6A4 have been variably implicated and in which DA, NE and 5-HT play a vital role. 1 Several of these disorders, major depression, generalized anxiety and phobia, are common and have enormous impact on morbidity and mortality. 55 Depression is worsened or triggered by drugs that deplete DA and 5-HT, and a relationship of 5-HT depletion to irritability and anxiety is also known. 56 Serotonergic neurotransmission in the amygdala has been implicated in fear conditioning, 26 and increased amygdala activation during the presentation of aversive stimuli was associated with an increased risk for disorders associated with negative mood states. 27, 39, 57 Moreover, DA potentiates the response of the amygdala by attenuating the effect of inhibitory input from the PFC and by augmenting the effect of excitatory input from sensory cortices. 58 Consistent with this, fMRI studies in humans showed that DA modulates the responsivity of the amygdala to emotional stimuli, 59, 60 and that COMT Val 158 Met affects DA synthesis in midbrain. 61, 62 The potentiated amygdala response in carriers of the Met 158 alleles may thus reflect DA gating of amygdala inputs. Additionally, afferent NE neurons modulate affective responses and memory in limbic structures such as the amygdala and the hippocampus. 63 The hippocampus has been implicated in the inhibition of stress responses via inhibitory connections with many of the subcortical structures, and is activated during acute stress 64 and may be crucial for the regulation of arousal and affective states. 65 A strong impact of COMT and 5-HTT genotype on processing of aversive visual stimuli was also found in the anterior cingulate, a region that has previously been linked with the regulation of affective states. 66 The effect of 5-HTTLPR on extra-limbic cortical activation by affective stimuli was recently reported. 67 Therefore, we explored whether the assessed genotypes also affect processing of affective stimuli outside the limbic system and observed that processing of aversive stimuli was affected in the PFC, insula, and temporal, parietal and occipital cortices (data not shown). Further studies should investigate COMT and 5-HTT genotype effects on cognitive function and extra-limbic brain areas.
Remarkably enough, the mainstay of pharmacotherapy of depression remains drugs that augment monoaminergic neurotransmitters. 56 The mechanisms of both the development and treatment response of negative mood states involve more than the simple balance or sum total of monoamine neurotransmitter expression -for example, neurogenesis appears to be critical, especially in treatment response. 68 Further studies should assess combined genotype effects on actual expression of 5-HTT availability and COMT activity during different stages of development.
Owing to the limited number of subjects with the Gallele, the regression analysis modeling linear effects of rs25531 is vulnerable to effects of outliers. However, using a triallelic approach instead of separately modeling the effects of both 5-HTT polymorphisms yielded comparable results, which again explained more variance than only using the traditional 5-HTTLPR.
In summary, our data show that the processing of aversive visual stimuli in the amygdala and other limbic brain areas is additively increased in carriers of the low-activity COMT Met 158 allele and low 5-HTT transcribing 5-HTTLPR S and rs25531 G alleles. Confrontation with affective cues may thus induce excessive activation of brain networks associated with emotional and cognitive behavior control and contribute to the lowered resilience against anxiety and dysphoric mood states in subjects with genetically determined low COMT activity and/or low 5-HTT transcription.
